1. Introduction {#sec1-materials-11-02356}
===============

Powder bed fusion (PBF) is rapidly prevailing as the most important additive manufacturing (AM) technique to fabricate metal parts. Unlike conventional "subtractive" techniques such as cutting, AM produces three-dimensional parts based on computer-aided design (CAD) models by adding materials layer by layer \[[@B1-materials-11-02356]\].

In particular, laser-based powder bed fusion (L-PBF) uses a laser beam to induce local sintering or melting--resolidification phenomena in a powder bed that is processed layer-wise until the wanted three-dimensional geometry is achieved. Since AM technologies are "bottom-to-top" methods \[[@B2-materials-11-02356]\] that exploit material accumulation instead of material removal to provide the object with the required form, key advantages may be achieved in terms of design freedom, reduced time to market, and materials saving \[[@B3-materials-11-02356],[@B4-materials-11-02356]\].

Nonetheless, the broader diffusion of AM is being hindered by the variability that is often observed in part quality and that becomes critical in high-value and safety-related applications, such as aerospace and biomedical devices \[[@B5-materials-11-02356],[@B6-materials-11-02356],[@B7-materials-11-02356]\]. Once the feedstock material has been assigned, possible quality issues are attributable to process parameters that are commonly adjusted by means of a trial-and-error approach. The empirical achievement of appropriate processing conditions is therefore time-consuming and expensive \[[@B8-materials-11-02356]\]. Moreover, this methodology is strictly material-related, in that the process parameters attributed to a specific feedstock, as well as the tentative tests performed to define such parameters, cannot be extended to other materials automatically, which means that this heuristic learning strategy must be repeated from scratch for every single powder of interest. The experimental burden associated with the adjustment of process parameters represents a serious hindrance to the development and diffusion on the market of new feedstocks for AM, and is instead a requirement for the further growth of AM \[[@B9-materials-11-02356]\]. In principle, the development of refined physics-based computational models is expected to reduce the number of required experimental iterations. Nonetheless, such simulations are case-specific and deeply affected by the accuracy of the input parameters. Moreover, accurate and complicated measurements are needed for their full validation \[[@B10-materials-11-02356]\].

At present, most of the available literature on L-PBF is dedicated to the experimental assessment of the effects of process parameters on the microstructure and related properties of finished parts \[[@B11-materials-11-02356]\], rather than defining the optimal process parameters to obtain defect-free products. On the contrary, in some papers, finished parts are purposely fabricated under nonoptimal parameters to emphasize and detect the development of pores and other microstructural defects and reveal their effects on the performance of finished parts \[[@B12-materials-11-02356],[@B13-materials-11-02356]\].

However, on account of the importance of reaching optimized processing conditions, especially when a new alloy grade must be handled, an increasing number of publications have addressed the rational analysis of manufacturing setup. In consequence, specific contributions have focused on process parameter optimization for some of the most common metal powders used in L-PBF. Some examples are listed in [Table 1](#materials-11-02356-t001){ref-type="table"} \[[@B14-materials-11-02356],[@B15-materials-11-02356],[@B16-materials-11-02356],[@B17-materials-11-02356],[@B18-materials-11-02356],[@B19-materials-11-02356],[@B20-materials-11-02356],[@B21-materials-11-02356],[@B22-materials-11-02356],[@B23-materials-11-02356],[@B24-materials-11-02356],[@B25-materials-11-02356]\]. However, each contribution is usually targeted to a specific feedstock and a specific PBF machine, so that at present a general optimization procedure is still missing. Moreover, the published papers are usually dedicated to bulk core geometries, and details are rarely provided about boundary, downskin and upskin processing, support fabrication, and special geometries, e.g., thin-walled constructs.

Noteworthy previous contributions have focused on the effect of the beam scanning strategy on the development of microstructural features. During L-PBF, energy is conveyed locally by the laser beam to the processed material, thus engendering steep temperature gradients and related thermal stresses or even plastic deformation. Cheng and colleagues \[[@B26-materials-11-02356]\] proposed a sequentially coupled 3D thermomechanical coupled finite element (FE) model as a tool for the choice of scanning strategy that minimizes part distortion. Uneven thermal distribution may also cause balling defects through Marangoni convection \[[@B27-materials-11-02356]\]. Numerical simulations originally applied to In718 have shown that the local temperature and consequent stress and deformation conditions in the built part are greatly dependent on the scanning pattern strategy \[[@B26-materials-11-02356]\]. Moreover, it has been proven that applying a parallel scanning strategy throughout the building part may result in overheating and consolidation problems. Spiraling patterns are expected to be beneficial for high-conductive materials, but they are unfeasible for nonconvex domains. An effective improvement may be achieved by scaling the conventional parallel scanning strategy down to small-area paintbrush or chessboard patterning in multiscan mode \[[@B27-materials-11-02356]\]. Recently, AlMangour et al. \[[@B28-materials-11-02356]\] pointed out that the laser scanning strategy directly influences the degree of densification and the mechanical anisotropy of fabricated parts. In fact, the scanning path controls the microstructural evolution through heat input and dissipation mechanisms. Generally speaking, rotating the scanning direction from one layer to the next interferes with the growth of defined columnar/epitaxial structures often encountered in L-PBF parts and blurs the individual laser tracks. The appropriate choice of scanning strategy may therefore result in preferential crystal growth or in more statistically distributed crystal orientations, corresponding to strongly anisotropic behavior or more uniform mechanical properties, respectively \[[@B28-materials-11-02356]\]. On the other hand, the process of double scanning and consequent remelting reduces the size of the melt pool and promotes the elimination of pores and defects. Since pores pin the movement of dislocations and boundaries that is responsible for recrystallization, the double scanning strategy promotes the process and causes the formation of finer dendrites \[[@B28-materials-11-02356]\].

The need to assess standard procedures is also demonstrated by the recent release of international standards dedicated to AM in general and PBF in more detail. Though not specifically addressed to process optimization, ISO/ASTM 52910:2018(E) describes point-by-point the requirements and recommendations that are useful to design parts and products to be produced by AM \[[@B29-materials-11-02356]\]. ASTM F3303-2018 specifies instead all the process characteristics and machine features that should be controlled in metal-based PBF in order to meet critical applications, especially in aerospace and medical components \[[@B30-materials-11-02356]\].

The drive to reach standard procedures is overwhelming whenever qualification of new materials and processing methods is involved \[[@B31-materials-11-02356],[@B32-materials-11-02356]\]. To this aim, for example, Portolés et al. \[[@B33-materials-11-02356]\] contributed to establishing a qualification procedure to fabricate and repair aerospace parts produced by electron beam melting (EBM). The authors underlined the need for AM aerospace parts to comply with the existing regulations that cover both materials and fabrication methods, to answer the demanding requirements put forward by the aerospace industry, and to equal the high-quality performance offered by conventional technologies. As a first measure toward defining comprehensive quality assurance/quality control procedures, the methodology proposed by Portolés et al. \[[@B33-materials-11-02356]\] accounts for all the parameters that are expected to affect both the technical requirements for finished parts and the process reproducibility by means of nine steps or "studies" that span from the validation of recycled powder to the surface finish of built parts. The procedure defines the key variables to test within each study, fixes reference values for every single variable according to the requirements of international standards (wherever applicable), and proposes experimental procedures to perform the corresponding verification tests. However, it is worth noting that some of the nine studies described by Portolés et al. \[[@B33-materials-11-02356]\] are specific to aerospace part repair only. Moreover, the qualification procedure, as such, explains how to test feedstock materials and EBM parts in order to demonstrate their consistency and whether they conform to the directives for aerospace devices. As a consequence, the methodology is focused on how to substantiate the properties of materials and finished parts, rather than how to achieve optimal properties.

Even if the present contribution is intended as a proof of concept and not a definitive solution, it paves the way for the definition of a standard procedure to assess the most appropriate L-PBF processing conditions for new alloy grades, independent of the specific L-PBF appliance in use. As an additional advantage, though originally conceived for L-PBF, in principle the philosophy of the present procedure can be modified and adapted to EBM, too. The main intention is to foster a constructive discussion in the literature, in order to support the progressive buildup of an established and commonly accepted procedure to optimize PBF process parameters.

2. Method {#sec2-materials-11-02356}
=========

2.1. General Outline {#sec2dot1-materials-11-02356}
--------------------

The present method, which is developed to assess the proper parameters for processing a new alloy grade by L-PBF independent of the fabrication appliance in use and of the chemical composition of the feedstock powder, implies a multistep approach, including the following: general evaluation of the processability of the new material and investigation of core bulk geometry, supports, downskin/upskin, boundary, thin wall, and plate temperature. For each step, the method describes what parameters should be considered, what key performance indicators (KPIs) should be optimized, what geometry should be tested, and what measurement methods should be applied. Each point is the subject for a dedicated section in the following presentation, but a comprehensive outline is provided as a road map in [Figure 1](#materials-11-02356-f001){ref-type="fig"}.

2.2. Processability Check {#sec2dot2-materials-11-02356}
-------------------------

The processability of a material depends on two basic features: (i) the optical properties of the powder feedstock, especially its reflectivity to the laser beam, and (ii) the thermal behavior of the solidified material, which accounts for its thermal conductivity as well as its shrinkage during cooling.

As to the optical processability, the present method does not apply to high-reflectivity materials. In fact, for highly reflective materials, under unfortunate geometric positions, the reflected beam may be transmitted back through the beam delivery optics and into the laser source itself, potentially damaging the manufacturing equipment. Due to the uneven surface of the powder bed, the reflectivity *R~powder~* of the feedstock can be assumed to be around 70% of the reflectivity *R~bulk~* of the corresponding material in its bulk form \[[@B34-materials-11-02356]\]. If a standard laser source working at a wavelength of 1.06 µm is considered, a reflectivity threshold value of 0.95 for the bulk material (corresponding to around 0.67 for the powdered feedstock) can be fixed for the present procedure to be applicable. According to this definition, the present procedure is still pertinent to Al-based alloys that have a reflectivity *R~bulk~* close to 0.91 \[[@B35-materials-11-02356]\], but not to Cu-based feedstocks that have a reflectivity *R~bulk~* higher than 0.95 \[[@B36-materials-11-02356],[@B37-materials-11-02356]\]. In principle, a material can be manufactured by means of L-PBF even if its reflectivity exceeds the proposed threshold value. However, in this case, the material must be investigated individually, by means of an *ad hoc* procedure, in order to obviate the risk of laser back-reflection damage.

Provided that *R~bulk~* does not exceed the aforementioned threshold value of 0.95, the thermal processability of the material under investigation must also be considered.

As a basic guideline, the thermal processability *TP* (W m^−1^·K^−1^) of the new material can be estimated as the ratio between its thermal conductivity, *k* (W m^−1^·K^−1^), and the linear shrinkage that the material experiences while cooling down from its melting temperature to room temperature. The shrinkage, in turn, can be roughly calculated by the product of the linear coefficient of thermal expansion of the material at the solid state, *α* (K^−1^), multiplied by the difference *ΔT* between the material's melting temperature, *T~m~* (K), and room temperature, *T*~0~ (K). The change in specific volume that takes place during solidification can be disregarded, since it is not the cause of frozen stresses. *TP* can be expressed by Equation (1):$$TP = \frac{k}{\alpha \cdot \Delta T}$$

Some examples are provided in [Table 2](#materials-11-02356-t002){ref-type="table"}, where it is assumed *T*~0~ = 20 °C ≈ 293 K.

Even if the potential use of a new material in L-PBF depends on other relevant properties, including its weldability, and not just its thermal behavior, *TP* is intended here as a preliminary estimate for the ease with which the new material will be processed by L-PBF. In fact, if the thermal conductivity is low, the metal will remain locally in its molten state for a relatively long time, which is expected to impede the recoating operation of the subsequent powder layer. If the shrinkage is high, strong thermal deformations or even cracks are likely to occur, thus causing job failure \[[@B10-materials-11-02356]\]. As a consequence, for high values of *TP*, the material will be considered easily processable from the thermal point of view. Vice versa, if *TP* is low, the material should be classified as difficult to print. As a guideline, the procedure proposed here has been proven feasible for Inconel 625 but has not been verified yet for lower values of *TP*.

If the values for *k*, *T~m~*, and *α* are unknown for the new alloy being developed, as a first approximation the values for a similar grade can be used in place of the real ones.

2.3. Core Bulk Parameters {#sec2dot3-materials-11-02356}
-------------------------

Determining the appropriate parameters to process core bulk geometries starts from evaluating the volume energy density, *VED* (J·mm^−3^), that is required to melt the processed material. A rough estimation of the *VED* that must be provided for consolidation through melting and subsequent solidification mechanisms can be based on the heat per unit volume, *q* (J·mm^−3^), that must be conveyed to the material to heat and melt it according to Equation (2):$$q = \left\lbrack {c \cdot \Delta T + l_{f}} \right\rbrack\rho$$ where *c* (J·kg^−1^·K^−1^), *l~f~* (J·kg^−1^), and *ρ* (kg·mm^−3^) are the specific heat capacity, specific latent heat of fusion, and density of the processed material, respectively. As already seen in Equation (1), Δ*T* is the difference between the melting temperature of the feedstock metal, *T~m~*, and room temperature, *T*~0~.

However, the *VED* must increase with respect to *q* through an efficiency coefficient *η* in order to account for various dissipative phenomena associated with L-PBF \[[@B40-materials-11-02356],[@B41-materials-11-02356],[@B42-materials-11-02356],[@B43-materials-11-02356],[@B44-materials-11-02356]\], including energy losses due to (i) the feedstock's reflectivity, (ii) the cooling down of the incipient melt pool that occurs as a result of heat conduction through the powder bed, and (iii) additional losses. Accordingly, the overall efficiency *η* of the process is calculated here as the serial efficiency of three terms, and therefore the *VED* is obtained from *q* as shown in Equation (3). In the denominator, the first and second terms represent an attempt to estimate, from a physical standpoint, losses due to reflection and conduction, respectively. The third factor, *η*\*, accounts for the remaining dissipative effects, especially the complex phenomena generated inside the melt pool. In fact, as described by Li et al. \[[@B43-materials-11-02356]\], the convective heat flux that is generated by turbulent flows inside the melt pool represents a significant term of the thermal balance, and again these flows are responsible for a reduction in L-PBF process efficiency. Moreover, it is important to highlight that the first two efficiency terms in the denominator of Equation (3) are based on the assumption of an ideal L-PBF process that neglects the interference that may occur, for example, between the laser beam and dust and splatters produced by the melt pool. It is acknowledged \[[@B45-materials-11-02356]\] that these interactions are responsible for two main effects on the laser behavior, power attenuation on the powder bed and slight defocusing of the laser beam. Unavoidably, this brings about additional losses. To conclude, the *VED* can be estimated from *q* according to Equation (3):$$VED = \frac{q}{\eta} = \frac{q}{\left( {1 - R_{powder}} \right)\left( {1 - k_{rel}} \right)\eta^{*}}$$ where *R~powder~* is the reflectivity of the powdered feedstock, expressed in fractional terms as before (0.70 × *R~met~*); *k~rel~* is the relative thermal conductivity of the powdered feedstock; and *η*\* is the additional efficiency factor that, as a first approximation, can be assumed to be around 20% (*η*\* ≈ 0.20).

In turn, *k~rel~* is calculated as the ratio between the thermal conductivity of the powdered feedstock *k~powder~* and that of pure silver in its bulk form, *k~Ag~*, as per Equation (4):$$k_{rel} = \frac{k_{powder}}{k_{Ag}}$$ The value of *k~powder~* value can be roughly estimated through a classical rule of mixtures \[[@B46-materials-11-02356]\] by assuming that the volume fraction of the metal powder *V~metal~* is 50% of the powder layer, as shown in Equation (5):$$k_{powder} = k_{metal} \cdot V_{metal} + k_{gas} \cdot (1 - V_{metal}) = 0.5 \cdot \left( {k_{metal} + k_{gas}} \right) \approx 0.5k_{metal}$$ where *k~metal~* and *k~gas~* are the thermal conductivity of the processed metal in its bulk form and that of the gas in the build chamber, respectively. It is worth noting that, due to the line-by-line scanning strategy adopted in PBF, one side of the scan track partly overlaps the previously solidified material, while the other side is still in contact with loose powder. As a consequence, strictly speaking, two different models should be applied to describe the thermal conductivity on the two sides of the melt track \[[@B47-materials-11-02356]\]. However, a full modelling of the thermal exchange mechanism is beyond the scope of the present contribution and, as a first approximation, only the thermal conductivity of the powder was considered. Though simplistic, this approach makes the calculations more straightforward and it goes for safety, since it describes the condition of the lowest thermal conductivity.

The required *VED*, as calculated by Equation (3), is provided by the laser beam through an appropriate setting of the process parameters as expressed in Equation (6) \[[@B48-materials-11-02356]\]:$$VED = \frac{P}{L \cdot h \cdot v}$$ where *P* (W) is the laser power, *L* (mm) is the layer thickness, *h* (mm) is the hatch distance, and *ν* (mm·s^−1^) is the laser scan speed for continuously operated lasers, to be substituted with the ratio between point-to-point distance, *P-T-P* (mm), and exposure time, *E~t~* (s), for lasers operated in pulsed mode.

AlMangour et al. \[[@B49-materials-11-02356]\], through a systematic change of laser scan speed, demonstrated that lower VED values reduce the temperature of the melt pool and increase the cooling rate. These conditions hinder grain growth, but also promote the development of large and interconnected pores that are associated with delamination and the formation of horizontal cracks. Remelting is also limited, with the consequence that texture intensity is reduced. On the other hand, high VED values produce continuous molten scan tracks and good metallurgical bonding between adjacent layers, but can also cause thermal stresses and the occurrence of spherical pores as a consequence of surface vaporization of the feedstock material. For very high VED values, a switch from conduction-mode welding to keyhole welding can be observed \[[@B49-materials-11-02356]\].

The value of the *VED* obtained from Equation (3) is taken as the medium point of a full factorial design of experiment (DOE), in which the *VED* must vary by ±30% in order to account for the approximations introduced so far. To that purpose, in Equation (6), *L* is considered as a constrained parameter imposed by the L-PBF appliance in use. The suggested variation range for *h* is 1.4 to 1.7 times the spot diameter of the laser beam. As a first attempt, the initial values for *P* can be centered on 90% of the maximum power of the machine. For lasers operated in pulsed mode, *P-T-P* can be set to equal the hatch distance. *v*, for continuously operated lasers, or *E~t~*, for pulsed lasers, must be determined accordingly. Since three variables (*h*, *P*, and *v* or *E~t~*) must be analyzed, a 3^3^ factorial design could be appropriate.

As displayed in [Figure 2](#materials-11-02356-f002){ref-type="fig"}, the geometry proposed for assessing core bulk parameters is a cube with a side length of *A* (mm), where *A* is a suitable measure for embedding the specimens in resin and polishing them.

It is important to underline that the samples must be printed without any supports on their lower face, since there are no optimized parameters for supports yet. The cubes must instead be printed from the build plate directly. Since this is the very first printing attempt with the new material, some specimens may cause trouble during processing. As a consequence, the operator should supervise the build job as it progresses and remove those parts that hinder the recoater functionality.

The primary KPI for the core bulk geometry is density, and the secondary KPIs are melt pool shape and process productivity.

As to the primary KPI, the job is considered successful if the density of at least one specimen reaches 99.5%. Various strategies have been discussed in the literature to determine the density of L-PBF parts. Basically, density can be evaluated by x-ray computed microtomography, by Archimedes' method, and by image analysis. X-ray microtomography is a valuable nondestructive method that gives information about size, shape, and distribution of pores. As a drawback, specific equipment is required to perform the test. Additionally, the data acquisition may be time-consuming and the interpretation not straightforward, because a standard method is still missing for this purpose \[[@B50-materials-11-02356],[@B51-materials-11-02356]\]. In order to obtain a quick measure of the amount of porosity present in finished parts, as required in this case, Archimedes' method and image analysis may suffice. Nonetheless, the former approach cannot reveal the presence of defects associated with the lack of fusion, since nonconsolidated particles affect the mechanical behavior but not the density of finished parts \[[@B12-materials-11-02356]\]. As a consequence, image analysis may be considered the measurement technique of choice for the present procedure to evaluate the amount of porosity and hence the density of the finished part under investigation.

On the other hand, the metallographic preparation of cross-sections parallel to the growth direction is also necessary to investigate the melt pool. The printing parameters' assessment can be considered satisfactory if the melt pool is consistent throughout the cross-section, no keyhole is observed, and the width of the melt pool matches the hatch distance and the depth involves two or, at most, three layers. If more than one sample achieves satisfactory results in terms of density and melt pool characteristics, productivity should be privileged to choose the right set of parameters.

If none of the built parts meets the proposed requirements for the KPIs, the job must be repeated by designing a new DOE shifted toward the most performing parameters of the first run.

2.4. Support Parameters {#sec2dot4-materials-11-02356}
-----------------------

The present procedure preferentially applies to block supports, because they are the most widely diffused supports in L-PBF \[[@B17-materials-11-02356]\].

In order to define the support parameters, the first step requires determining whether supports must be scanned layer-by-layer or every second layer. If feasible, the latter solution would be preferable to optimize productivity and facilitate the removal operations. Nonetheless, the former printing strategy becomes compulsory for materials with poor processability (i.e., materials that are classified as difficult to print according to the *TP* check) to compensate for potential issues related to bad heat exchange or residual stresses.

In general terms, the approach to determining support parameters is similar to that already developed for core bulk geometry. However, it is worth noting that block supports are commonly scanned with only one laser pass so that their wall thickness corresponds to the melt pool width. Since there is no hatching when block supports are involved, the energy input is preferentially expressed through the surface energy density, *SED*, instead of the volume energy density, *VED*, as previously seen for bulk geometries. For continuous lasers, the *SED* is calculated as shown in Equation (7):$$SED = \frac{P}{n \cdot L \cdot v}$$ where *n* = 1 if supports are scanned layer-by-layer and *n* = 2 if supports are scanned every second layer. As already discussed in [Section 2.3](#sec2dot3-materials-11-02356){ref-type="sec"}, *L* can be considered as a fixed parameter and *P* can initially vary around 90% of the maximum power allowed by the L-PBF machine in use. *v* is then calculated accordingly. For pulsed lasers, *v* should be replaced by the ratio between *P-T-P* and *E~t~*.

From a practical standpoint, a DOE must be planned in which the medium value of the *SED* equals the value of the *VED* calculated by Equation (3) multiplied by the laser spot diameter. The suggested variation range for the *SED* is ±20% to account for the approximations that have been introduced. Since two variables (*P* and *v* or *E~t~*) must be analyzed, a 3^2^ factorial design could be appropriate.

The recommended L-shaped geometry for assessing the support parameters is shown in [Figure 3](#materials-11-02356-f003){ref-type="fig"}, where *B* is approximately twice as much as the *XY* grid dimension of the block supports, where *XY* is the plane of powder deposition. *B* is also the thickness of the sample. If the geometry in [Figure 3](#materials-11-02356-f003){ref-type="fig"} is actually adopted to assess the support parameters, the supports must be generated on the indicated surface.

To optimize the support parameters, the primary KPI is geometric stability, meaning that the obtained bulk supports must not rip apart from the base plate or warp. In more detail, given the really demanding geometry of the reference specimen in [Figure 3](#materials-11-02356-f003){ref-type="fig"} that is purposely designed to emphasize the effect of supports, moderate warpage is acceptable provided that it does not interfere with the recoater. The secondary KPI for support parameters is productivity.

As a consequence, the job is successfully concluded if at least one specimen is geometrically stable. If multiple specimens satisfy the geometric requirements, the one with the highest productivity must be preferred.

2.5. Downskin and Upskin Parameters {#sec2dot5-materials-11-02356}
-----------------------------------

Only one job is needed to determine both the downskin and upskin parameters at the same time. In principle, the approach detailed in [Section 2.3](#sec2dot3-materials-11-02356){ref-type="sec"} for core bulk geometries can be extended to the definition of downskin and upskin parameters, too. Nevertheless, this time the *VED* values to be used as the medium points for the DOEs must be 50% and 80% of the *VED* value calculated according to Equation (3) if the downskin and upskin parameters, respectively, are considered. The suggested variation range for the *VED* is ±20% in both cases. Moreover, for the upskin parameters, a reduction of 20% in hatch distance is suggested with respect to the previously determined core bulk parameters. As already seen for the *VED* in [Section 2.3](#sec2dot3-materials-11-02356){ref-type="sec"}, a 3^3^ factorial design could be used to assess the three variables involved (*h*, *P*, and *v* or *E~t~*).

The reference geometry for this job is shown in [Figure 4](#materials-11-02356-f004){ref-type="fig"}. The proposed model has a twofold purpose, as it was designed to (i) allow for use of the downskin and upskin parameters on horizontal faces, and (ii) simultaneously verify the applicability of the core bulk parameters established before to down-facing and up-facing angled surfaces. In fact, since the boundary parameters have not been analyzed yet, it is important to underline that, apart from the two horizontal faces, the whole specimen should be built using core parameters only. It is worth noting that the present procedure does not account for the possibility of applying the downskin and upskin parameters to oblique faces. In the reference geometry of [Figure 4](#materials-11-02356-f004){ref-type="fig"}, the value for *C* should be at least four times as much as the grid dimension used for the block supports. At a minimum, *C* must be chosen in such a way that the downskin surface is large enough for the statistical investigation of cracks to be carried out. *C* can be assumed as the depth of the sample, too.

The primary KPI for the downskin parameters is the integrity of the lower surface of the specimen as observed under the optical microscope on metallographic sections, including the absence of (i) semidetached particles, (ii) cracks, and (iii) subsurface pores. In order to verify these conditions, the samples must be cut and polished on a plane parallel to the face shown in [Figure 4](#materials-11-02356-f004){ref-type="fig"}. The aforementioned defects should be monitored carefully, since they can induce failure mechanisms. Besides, the minimal deformation of the layer being processed with the downskin parameters should be selected as the secondary KPI and closely controlled, since it affects the feasibility of complex geometries. This characteristic can be verified in real time through the layer control system of the L-PBF equipment.

The primary KPI for the upskin parameters is surface roughness, which must be minimized. Moreover, as the secondary KPI, the depth of the melt pool on the upper surface must not exceed the thickness of two consolidated layers, as already prescribed in [Section 2.3](#sec2dot3-materials-11-02356){ref-type="sec"} for core bulk geometries.

2.6. Boundary Parameters {#sec2dot6-materials-11-02356}
------------------------

As mentioned in [Section 2.4](#sec2dot4-materials-11-02356){ref-type="sec"} for the assessment of support parameters, the *SED* should be considered instead of the *VED* every time a geometry is scanned with a single pass. This applies to the boundary, too. The *SED* value to be used as the medium point for the DOE should be calculated as detailed in Equation (7) by assuming *n* = 1 and introducing the values for *P* and *v* previously optimized for core bulk geometries ([Section 2.3](#sec2dot3-materials-11-02356){ref-type="sec"}). The reference value obtained in this way must vary by ±80% in a two-factorial design, for example on three levels, in order to optimize *P* and *v*.

The geometry to be used in this job, as shown in [Figure 5](#materials-11-02356-f005){ref-type="fig"}, is meant to emphasize the effect of the boundary parameters in down-facing angled surfaces, vertical surfaces, and up-facing angled surfaces, which are labelled in [Figure 5](#materials-11-02356-f005){ref-type="fig"} as *DF*, *V*, and *UF*, respectively. It is worth noting that, for the typical values of self-supporting angles in metal L-PBF, the *DF* surface in [Figure 5](#materials-11-02356-f005){ref-type="fig"} has been designed to represent an extreme condition. In this geometry, the dimension for *D* should be fixed in such a way that the roughness can be easily measured. The same *D* value can be applied to the depth of the specimen, too.

The primary KPI for the boundary parameters is the absence of subsurface porosity, that is to say, the absence of pores where the transition between core and boundary occurs. In order to verify this condition, the samples must be cut and polished on a plane parallel to the face shown in [Figure 5](#materials-11-02356-f005){ref-type="fig"} and the subsurface zone should be investigated close to the *DF*, *V*, and *UF* sides.

Roughness should be considered as the secondary KPI for this job. Subsequently, if two or more sets of parameters achieve equally good KPIs, priority should be given to the highest productivity.

2.7. Thin Wall Parameters {#sec2dot7-materials-11-02356}
-------------------------

This step of the procedure is done to verify the suitability of the parameters previously identified for the core bulk geometry and the boundary when a thin wall part has to be printed.

A DOE should be developed where the medium point is set on the optimum parameters identified for the core geometry in [Section 2.3](#sec2dot3-materials-11-02356){ref-type="sec"}. and the boundary in [Section 2.6](#sec2dot6-materials-11-02356){ref-type="sec"}. The suggested variation for the *VED* and *SED* values is ±15%.

The reference geometry in [Figure 6](#materials-11-02356-f006){ref-type="fig"} has been specifically designed for the purpose. *E* is the wall thickness of the specimen, and its value depends on the thermal processability of the material. As a general guideline, a wall thickness *E* of 0.8 mm can be assumed for materials with *TP* at least in the range of 600 (W·m^−1^·K^−1^). Otherwise, *E* should not be less than 1.2 mm.

The KPI for the thin-wall job is the geometric stability of the sample. The geometry in [Figure 6](#materials-11-02356-f006){ref-type="fig"} was conceived to highlight several possible processing issues, including shrinkage-related deformation of both down- and up-facing angled thin walls and deformation caused by the mechanical interplay with the recoater. In this regard, the job should be monitored continuously to prevent damage to the recoater.

It is also important that the transition between core bulk and boundary zones is as smooth as previously observed in boundary specimens.

2.8. Plate Temperature {#sec2dot8-materials-11-02356}
----------------------

In principle, more than one job is needed to find an optimal base plate temperature. To that aim, it is recommended to process at least two jobs at different plate temperatures.

As shown in Equation (8), two factors decide on the highest temperature to test, *T~high~* (K): (i) the upper limit that the machine can reach, *T~machine~* (K), and (ii) the aging temperature (or relieving temperature) of the alloy that is being printed, *T~ageing~* (K):$$T_{high} = \min\left\{ \left. {T_{machine};\left( {T_{ageing} - 20} \right)} \right\} \right.$$

Given the number of jobs (at least two) that can be dedicated to this study, uniformly distributed values of the plate temperature should be considered in the range (*T*~0~, *T~high~*).

The same geometry shown in [Figure 7](#materials-11-02356-f007){ref-type="fig"} must be built in all jobs. Support structures must be placed only where specified in [Figure 7](#materials-11-02356-f007){ref-type="fig"}, whereas the middle thick volume and two peripheral ones must be directly welded to the baseplate. The distance *F* in [Figure 7](#materials-11-02356-f007){ref-type="fig"} is an arbitrary value ranging from 1.2 mm to 4 mm. However, it is worth mentioning that stronger deformations are expected for greater *F* values. As a consequence, relatively low values of *F* should be preferred for those alloys that exhibit high shrinkage, and vice versa.

After each job, the samples must be partly cut away from the build plate by means of wire electrodischarge machining (EDM). In more detail, the central portion of the part must remain attached to the build plate, which implies that two separate cuts are needed on the sides. As an important recommendation, identical samples must be built in different areas of the build plate, so that any difference caused by local temperature inequalities can be noted.

The KPI to choose the best plate temperature is *Z* deformation after cutting: a higher deformation indicates stronger residual stresses in the part.

3. Application Hints and Final Remarks {#sec3-materials-11-02356}
======================================

In order to consolidate the proposed method and to sum up how it applies to a specific test case, the alloy Inconel 625 is taken as a reference. [Table 3](#materials-11-02356-t003){ref-type="table"} lists all the material properties of Inconel 625 that are needed as a starting point for the procedure and reports the calculation of the medium point and related variation ranges for the *VED* and *SED* values at each step of the procedure as outlined in [Figure 1](#materials-11-02356-f001){ref-type="fig"} and described in [Section 2.3](#sec2dot3-materials-11-02356){ref-type="sec"}, [Section 2.4](#sec2dot4-materials-11-02356){ref-type="sec"}, [Section 2.5](#sec2dot5-materials-11-02356){ref-type="sec"}, [Section 2.6](#sec2dot6-materials-11-02356){ref-type="sec"}, [Section 2.7](#sec2dot7-materials-11-02356){ref-type="sec"} and [Section 2.8](#sec2dot8-materials-11-02356){ref-type="sec"}. The step-by-step investigation of the development of Inconel 625 processing parameters based on the present method will be the subject of a dedicated contribution.

As a final remark, the paper proposes an exploratory standardization of the procedure to follow to develop a complete set of process parameters for L-PBF of innovative alloys, new machines, or untested alloy/machine combinations. Even though the outlined strategy is still preliminary, it takes into account all the laser/material interactions in different local geometries of the build and comprises, for each possible interaction, a specific geometry for test specimens, standard energy parameters to be analyzed through a design of experiment, and measurable key performance indicators. The method aims to foster scientific debate toward the accomplishment of shared standards.
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![Flowchart showing the key points of the proposed optimization procedure. VED, volume energy density; KPI, key performance indicator.](materials-11-02356-g001){#materials-11-02356-f001}

![Recommended specimen geometry to be used for assessing core bulk parameters.](materials-11-02356-g002){#materials-11-02356-f002}

![Recommended specimen geometry to be used for the assessment of support parameters.](materials-11-02356-g003){#materials-11-02356-f003}

![Recommended specimen geometry to be used for assessing downskin and upskin parameters.](materials-11-02356-g004){#materials-11-02356-f004}

![Recommended specimen geometry to be used for assessing boundary parameters.](materials-11-02356-g005){#materials-11-02356-f005}

![Recommended specimen geometry to be used for assessing thin-wall geometry: (**a**) model and dimensions; (**b**) positioning on baseplate; (**c**) 3D rendering.](materials-11-02356-g006){#materials-11-02356-f006}

![Recommended specimen geometry to be used for assessing plate temperature.](materials-11-02356-g007){#materials-11-02356-f007}

materials-11-02356-t001_Table 1

###### 

Representative literature on process parameter optimization for specific powders.

  Metal of Interest   Target of Optimization                Reference
  ------------------- ------------------------------------- -------------------------------
  Waspaloy            3D parts                              \[[@B14-materials-11-02356]\]
  Nickel              3D parts                              \[[@B15-materials-11-02356]\]
  Maraging steel      3D parts                              \[[@B16-materials-11-02356]\]
  17-4 PH             Support structures                    \[[@B17-materials-11-02356]\]
  304 L and 904 L     Single tracks                         \[[@B18-materials-11-02356]\]
  CoCrMo              Single tracks                         \[[@B19-materials-11-02356]\]
  Ti-6Al-4V           Single tracks                         \[[@B20-materials-11-02356]\]
  Ti-6Al-4V           3D parts                              \[[@B21-materials-11-02356]\]
  Ti-5Al-2.5Sn        From single tracks to 3D parts        \[[@B22-materials-11-02356]\]
  AlSi10Mg            Single tracks                         \[[@B23-materials-11-02356]\]
  AlSi10Mg            From single tracks to single layers   \[[@B24-materials-11-02356]\]
  Al-Cu-Mg alloy      From single tracks to 3D parts        \[[@B25-materials-11-02356]\]

materials-11-02356-t002_Table 2

###### 

Characteristic values for *k*, *α*, and *ΔT = T~m~ − T*~0~ and corresponding evaluation of *TP* for some metals of interest in laser-based powder bed fusion (L-PBF) \[[@B38-materials-11-02356],[@B39-materials-11-02356]\].

  Material                                    *k*    *α*             Δ*T* = *T~m~* − *T*~0~   *TP* = *k*/(*α* ×Δ*T*)
  ------------------------------------------- ------ --------------- ------------------------ ------------------------
  AlSi10 \[[@B38-materials-11-02356]\]        113    22 × 10^−6^     570                      ≈9000
  Ti-6Al-4V \[[@B38-materials-11-02356]\]     6.7    9.2 × 10^−6^    1635                     ≈445
  Inconel 625 \[[@B39-materials-11-02356]\]   9.8    15 × 10^−6^     1330                     ≈490
  AISI316 \[[@B39-materials-11-02356]\]       16.2   16.2 × 10^−6^   1380                     ≈725
  Hastelloy X \[[@B39-materials-11-02356]\]   9.1    16 × 10^−6^     1335                     ≈430
  Cu \[[@B38-materials-11-02356]\]            391    17.7 × 10^−6^   1060                     ≈21,000

materials-11-02356-t003_Table 3

###### 

Material properties of Inconel 625 \[[@B39-materials-11-02356],[@B52-materials-11-02356],[@B53-materials-11-02356]\], processability check, and calculation of the VED and surface energy density (SED) values and related variation ranges. DOE, design of experiment; t.b.d., to be determined.

  Material Properties                                                                                                                                                                  
  ------------------------------- ------------------------------------------ ------------------------------- -------------------- -------------------- ------------------------------- --------------------
  *R~bulk~*                       0.70 (70%)                                                                                                                                           
  k (W·m^−1^·K^−1^)               9.8                                                                                                                                                  
  *α* (K^−1^)                     15 × 10^−6^                                                                                                                                          
  *T~m~* (K)                      1623                                                                                                                                                 
  *c* (J·kg^−1^·K^−1^)            410                                                                                                                                                  
  *l~f~* (J·kg^−1^)               227 × 10^3^                                                                                                                                          
  *ρ* (kg·mm^−3^)                 8.44 × 10^−6^                                                                                                                                        
  **Technical Specifications**                                                                                                                                                         
  Laser spot diameter (μm)        55                                                                                                                                                   
  **Processability check**                                                                                                                                                             
  Optical processability check    *R~bulk~* \< 0.95                                                          *verified*                                                                
  Thermal processability check    *TP* = 490 (W·m^−1^·K^−1^)                 *verified*                                                                                                
  **Calculation of the *VED***                                                                                                                                                         
  Calculation of *q* (J·mm^−3^)   6.58                                                                                                                                                 
  Estimate of *ƞ*                 0.10 (10%)                                                                                                                                           
  *VED* (J·mm^−3^)                64                                                                                                                                                   
  **Calculation of the *SED***                                                                                                                                                         
  *SED* (J·mm^−2^)                3.5                                                                                                                                                  
  **Parameter Optimization**                                                                                                                                                           
                                  *VED~min~*                                 *VED~medium~*                   *VED~max~*           *SED~min~*           *SED~medium~*                   *SED~max~*
  (J·mm^−3^)                      (J·mm^−3^)                                 (J·mm^−3^)                      (J·mm^−2^)           (J·mm^−2^)           (J·mm^−2^)                      
  CORE BULK DOE                   49                                         64                              83                                                                        
  SUPPORTS DOE                                                                                                                    2.9                  3.5                             4.2
  DOWNSKIN DOE                    27                                         32                              38                                                                        
  UPSKIN DOE                      42                                         51                              61                                                                        
  BOUNDARY DOE                                                                                                                    *SED~medium~* −80%   t.b.d. based on CORE BULK DOE   *SED~medium~* +80%
  THIN WALL DOE                                                                                                                                                                        
  Core parameters                 *VED~medium~* −15%                         t.b.d. based on CORE BULK DOE   *VED~medium~* +15%                                                        
  Boundary parameters                                                                                                             *SED~medium~* −15%   t.b.d. based on BOUNDARY DOE    *SED~medium~* +15%
  PLATE TEMPERATURE Jobs                                                                                                                                                               
                                  Calculation of *T~high~*                                                                                                                             
                                  Calculation of temperatures to be tested                                                                                                             
